[1] Dry deposition is a major component of total atmospheric nitrogen deposition and thus an important source of bioavailable nitrogen to ecosystems. However, relative to wet deposition, less is known regarding the sources and spatial variability of dry deposition. This is in part due to difficulty in measuring dry deposition and associated deposition velocities. Passive sampling techniques offer potential for improving our understanding of the spatial distribution and sources of gaseous and aerosol N species, referred to here as dry deposition. We report dual nitrate isotopic composition ( O values between actively and passively collected samples; the causes for this offset warrant further investigation. Nonetheless, passive sample collection represents a significant cost savings over active sampling techniques and could allow a more extensive understanding of patterns of dry deposition and associated insights to nitrogen sources across landscapes. 
Introduction
[2] Emissions of nitrogen oxides (NO x ) to the atmosphere contribute to photochemical ozone production, particulate matter formation, and deposition of reactive nitrogen to landscapes. As a consequence of the lifetime of NO x in the atmosphere (1 -2 days), these deleterious effects can take place hundreds of kilometers from the initial point of NO x emission [Liang et al., 1998; Neuman et al., 2006] . Once emitted to the atmosphere, NO x is oxidized to highly soluble nitric acid (HNO 3 ) via several pathways and is subsequently removed from the atmosphere as wet or dry deposition. While ''true'' dry deposition refers to the transfer of gases and particles to surfaces exposed to the atmosphere [Hicks et al., 1987] , hereafter we refer to gaseous concentrations of N measured by CASTNET and passive sampling techniques as ''dry deposition'' for the sake of convention and in accordance with several decades of previously published research. Although HNO 3 can be recycled back to NO x , this process is slow relative to wet and dry HNO 3 deposition; thus HNO 3 is often considered the final sink for NO x [Morino et al., 2006] .
[3] While wet deposition is generally the largest component of total nitrogen deposition, particularly in temperate regions characterized by adequate rainfall, dry deposition is the dominant form of N deposition in arid climates, such as the western USA [Fenn et al., 2003] , and can contribute 20-50% of N deposition in the eastern USA [Butler et al., 2005] . Dry deposition refers to the direct transfer of gaseous and particulate species to the Earth's surface without the aid of precipitation [Seinfeld et al., 1998 ]. For nitrogen, dry deposition can include gaseous nitrogen species (HNO 3 vapor, NH 3 , NO 2 , HONO, NO, peroxyacetyl nitrate (PAN)), or aerosols (particulate NO 3 À , particulate NH 4 + ). Nitrate in rain and snow can be scavenged from particulate NO 3 À (NO 3 (p) À ) and nitric acid vapor (HNO 3(g) ) and result in wet NO 3 À deposition (NO 3 (aq) À ). Relative to wet deposition, dry deposition is poorly understood; this is due in part to the complexities of measuring gaseous concentrations and of calculating deposition velocities necessary for quantifying dry deposition rates.
[4] These atmospheric inputs of nitrogen can be a significant source of reactive nitrogen to ecosystems. Nitrogen inputs to the environment, including contributions from the atmosphere and other sources, are a concern worldwide, with potential negative impacts on terrestrial biota, water quality, and human health. Characterizing spatial variability in deposition patterns is a critical research frontier with important implications for improving environmental conditions. Stable isotopes provide a unique means of tracing the fate and transport of atmospheric reactive nitrogen through ecosystems. In this context, we present an initial assessment of the spatial and temporal distribution of the isotopic composition of atmospheric nitrogen deposition, and discuss the utility of this information for tracing sources of nitrogen.
Background
[5] Once released to the atmosphere, NO is quickly oxidized via ozone (O 3 ) to NO 2; this NO 2 is further oxidized via several major chemical reaction pathways. During the daytime, oxygen atoms rapidly exchange between O 3 and NO (reactions (R1) and (R2)) and photolytic production of OH results in oxidation of NO 2 to HNO 3(g) via the OH radical (reaction (R3)). This pathway is most prevalent during the summer when concentrations of photochemically produced OH radical are highest [Calvert et al., 1985] . During the nighttime, NO 2 is oxidized by O 3 to produce the NO 3 radical (NO 3 ) (reaction (R4)), which subsequently combines with NO 2 to form dinitrogen pentoxide (N 2 O 5 ) (reaction (R5)). Hydrolysis of N 2 O 5 forms HNO 3(g) (reaction (R6) ). This pathway is most prevalent during the winter, as N 2 O 5 is thermally unstable [Calvert et al., 1985] . Additionally, NO x can interact with halogen oxides, such as bromine oxide, to form bromine nitrate (BrONO 2 ); this in turn can hydrolyze to NO 3 À [Morin et al., 2008] .
[6] Once formed, HNO 3 can eventually be recycled back to NO x by photolysis and reaction with OH; this occurs on timescales of several weeks [Garrett et al., 2006] . As a result of this slow recycling rate, HNO 3 is strongly favored in equilibrium between NO 2 and HNO 3 and the removal mechanisms for HNO 3 are considered physical (i.e., dry and wet deposition) rather than chemical [Garrett et al., 2006] . The lifetime of NO x in the boundary layer is generally less than 2 days, with a longer lifetime expected in the winter (1.2 days) compared to summer (0.27 days) [Liang et al., 1998 ]. HNO 3 generally has a similar atmospheric lifetime of 1 -2 days [Liang et al., 1998 ]. As a result of these typical lifetimes, NO x and its oxidation products (NO y ), including HNO 3 , are subject to mesoscale transport. For example, 30% of NO x emitted in the U.S. is exported out of the boundary layer [Liang et al., 1998 ].
[7] Conservation of the nitrogen atom between NO x sources and sinks enables d 15 N to be used as a fingerprint of NO x sources that contribute to atmospheric nitrogen deposition. In particular, NO x derived from coal combustion is reported to have relatively high d
15 N values, ranging from +5 to +13% [Heaton, 1987 [Heaton, , 1990 Kiga et al., 2000] . d
15 N values for NO x from vehicle fuel combustion are generally reported to range from +3.7 to +5.7% [Ammann et al., 1999; Moore, 1977; Pearson et al., 2000] , although one study reports negative values (À13 to À2%) [Heaton, 1990] . Natural NO x sources have lower d 15 N values, including lightning ($0% [Hoering, 1957] ) and recently measured biogenic soil emissions (À49% to À20% for NO emitted from fertilized soils [Li and Wang, 2008] ). As a result of these reported differences in d
15 N values of different NO x sources, d 15 N can be used to infer NO x sources that contribute to contemporary nitrate deposition [Elliott et al., 2007; Freyer, 1978 Freyer, , 1991 Hastings et al., 2003 Hastings et al., , 2004 Heaton, 1990; Moore, 1977; Wankel et al., 2009] ; historic nitrogen deposition in ice cores and lake sediments [Hastings et al., 2005; Wolfe et al., 2001 Wolfe et al., , 2003 , and nutrient sources to plants [Ammann et al., 1999; Pearson et al., 2000; Saurer et al., 2004] .
[ [Hastings et al., 2003; Michalski et al., 2003] . The relative proportion of high d
18
O atoms contributed during oxidation is thus used to fingerprint seasonal variations in reaction pathways that are temperature and photochemically sensitive [Hastings et al., 2003; Jarvis et al., 2008; Michalski et al., 2003; Morin et al., 2008; Savarino et al., 2007] .
[9] Advances in sample preparation techniques for nitrate isotope analyses, the ''microbial denitrifier method'' [Casciotti et al., 2002; Sigman et al., 2001 ] allow high sample throughput of samples characterized by low nitrate concentrations and sample volumes (e.g., precipitation and dry deposition) and thus an improved understanding of nitrate isotope variability across large regions. For example, a recent study demonstrated that the spatial and temporal distribution of nitrate isotopes in wet deposition from 33 National Atmospheric Deposition Program -National Trends Network sites across the northeastern and midwestern U.S. is primarily a function of surrounding stationary source (i.e., electric generating units) emissions [Elliott et al., 2007] . Nitrogen isotopes in wet nitrate deposition (d 15 N-NO 3 À ( aq )) were determined to be a better predictor of the influence of stationary source emissions than more commonly used ''source indicators'' including pH, sulfate and nitrate concentrations in precipitation [Elliott et al., 2007] . In this study, we apply the microbial denitrifier method to compare the isotopic composition of dry and wet nitrogen deposition across the high-deposition region of Ohio, Pennsylvania, and New York (U.S.A).
[10] In the U.S., concentrations of dry nitrogen species are measured at over 90 sites across the U.S. by the EPA-funded Clean Air Status and Trends Network (CASTNET). CAST-NET measures rural, regionally representative concentrations of dry nitrogen species, including nitric acid vapor (HNO 3(g) ), particulate nitrate (NO 3 (p) À ), and particulate ammonium, as well as sulfur dioxide (SO 2 ) and ozone (O 3 ) to examine relationships between emissions, air quality, dry deposition, and ecological effects. Weekly cumulative concentrations are measured by drawing air through a three-stage filter pack mounted atop a 10 m tower at a controlled flow rate. CASTNET estimates dry deposition fluxes using an inferential approach wherein the product of deposition velocities (estimated using meteorological measurements and the MultiLayer Model (MLM)) and pollutant concentrations (measured from weekly filter pack samples) is calculated. Since routine measurements of surface exchange rates of gases and particles are still sufficiently complex [e.g., Wesely and Hicks, 2000] , most dry deposition monitoring programs, including CASTNET, use the inferential approach described above. The spatial distribution of the CASTNET sites in the U.S. is fairly limited; as a result, our understanding of the spatial distribution of dry deposition is less extensive compared to that of wet deposition (there are over 250 sites in the National Atmospheric Deposition Program, National Trends Network).
[11] In addition to active sampling of dry deposition, recent studies have demonstrated the potential to improve our understanding of the spatial distribution of dry nitrogen deposition and gaseous concentrations using passive sampling techniques [Gilbert et al., 2002 [Gilbert et al., , 2003 Golden et al., 2008; Krupa and Legge, 2000; Ozden and Dogeroglu, 2008; Plaisance et al., 2002; Rabaud et al., 2001; Roadman et al., 2003; Sather et al., 2007] . Relative to active sampling techniques, such as those used by the CASTNET program, passive sampling techniques are inexpensive, easy to deploy, and do not require power or other significant infrastructure. As the use of passive samplers has recently increased, it is of particular interest to determine whether passive samplers can also provide an inexpensive collection medium for stable isotope analysis.
[12] In this study, we examine the isotopic composition of dry deposition from 8 CASTNET sites across New York, Pennsylvania, and Ohio ( Figure 1 and constitutes between 11 and 40% of total deposition by existing NTN and CASTNET protocols ( Table 1 ). The objectives of the study are (1) to document spatial and seasonal variations in the isotopic composition of dry nitrogen deposition from CASTNET sites including HNO 3(g) and NO 3 (p) À ; (2) examine whether isotopic variations in dry deposition are related to contributions from major NO x sources (i.e., electric generating units, vehicles) and to what extent dry deposition formation processes and transformations can influence resulting isotopic values in dry deposition; and (3) explore whether HNO 3 for isotopic analysis can be effectively sampled using passive rather than active sampling approaches, which could represent a significant cost saving and allow more detailed spatial sampling.
Methods

Actively Collected Dry Deposition
[13] At each CASTNET site, air is drawn through a threestage filter pack for a 1 week period at a controlled flow rate to collect gaseous and particulate nitrogen and sulfur species on each filter. [Ames and Malm, 2001] . This sampling bias is dependent on temperature and humidity with the highest evaporative losses expected at temperatures exceeding 25°C [Schaap et al., 2004] . We examine the potential source of this sampling bias on our isotopic results in our discussion. À (n = 204). Samples were continuously stored at 4°C. NO 3 À concentrations show minimal alteration during storage for 3 years; hence, refrigerated, archived samples are suitable for isotopic analysis [Elliott et al., 2007] .
Wet Deposition
NO 3 (aq) À (kg N ha À1 yr À1 ) HNO 3(g) (kg N ha À1 yr À1 ) NO 3 (p) À (kg N ha À1 yr À1 ) Total N Deposition b (kg N ha À1 yr À1 ) OXF122 Oxford À84.
Passive Collection
[17] Passive diffusion samplers for collection of HNO 3 [Bytnerowicz et al., 2005; Golden et al., 2008] (1) examining whether passive collectors deployed across a gradient at a single site yield replicable results, and (2) determining whether simultaneous collection of passively and actively collected HNO 3 at a single site yield comparable results.
[18] Passive HNO 3 samplers have 47 mm diameter Nylon filters (Nylasorb, Pall Corporation) as the collection medium for HNO 3 and HNO 2 . Ambient air passes to the nylon filter through a Zefluor Teflon 47 mm diameter prefilter of 2 mm pore size (Pall Corporation). The filters are housed in a 50 mm polycarbonate Petri dish and are secured by two Teflon rings and one PVC ring. Samplers are protected from wind and rain by a plastic polycarbonate cap. After 27 days, filters were collected and immediately frozen until elution. Samples were eluted in 5 ml of deionized water and placed on an orbital shaker for 30 min. Eluted solutions were frozen until further analysis. From each of the three sampling locations at the Connecticut Hill site, two filter solutions were used for isotopic analysis, the other used for determination of nitrate and nitrite concentrations on a Dionex Ion Chromatograph.
Isotopic Analysis
[19] For isotopic analysis of wet and dry deposition, the denitrifying bacteria, Pseudomonas aureofaciens, were used to convert 20-60 nmoles of NO 3 À into gaseous N 2 O prior to isotope analysis [Casciotti et al., 2002; Sigman et al., 2001] 
where R denotes the ratio of the heavy to light isotope (e. [Casciotti et al., 2002 [Casciotti et al., , 2007 . Although we do not expect high nitrite concentrations in precipitation or dry deposition eluants, since we did not quantify nitrite concentrations in this study, we cannot rule out the influence of nitrite interferences on our measured d
18
O values. However, in a similar study of dual isotopes of aerosol nitrate, average corrections for nitrite interferences were estimated as +3.3% for samples where nitrite concentrations were 3% of total nitrate plus nitrite [Wankel et al., 2009] . Although we observe a large range in d
18 O values in wet and dry nitrate deposition (+45.2% to 94.0%), we expect some error in these values if nitrite is present. Sample replicates had a mean standard deviation (s) of 0.2% for d 
Comparison With Major Emission Sources
[20] To determine whether spatial and temporal patterns in the isotopic composition of dry and wet deposition are associated with the distribution of major NO x sources, we examined NO x emissions from the two largest sources in this region, stationary sources (e.g., electric generating units and other industrial facilities) and on road vehicles. Electric utilities and vehicles constitute approximately 1/4 and 1/2, respectively, of total NO x emissions in the eastern U.S. [Butler et al., 2005] . For stationary sources, we obtained monthly emissions data reported to the U.S. EPA from individual facilities. To assess whether spatial and temporal variations in the isotopic composition of dry and wet N are influenced by mobile source NO x emissions, we compared isotopic values from individual CASTNET and NTN sites with U.S. EPA modeled estimates of monthly, county-level on road vehicle emissions densities (MOBILE 6). Mobile emissions data were not available for the years included in this study (2004) (2005) , thus we compare 2000 mobile emissions data with 2004 -2005 isotopic data. Using ARCINFO (ESRI, Redlands, CA), emission densities from both stationary and vehicle sources were plotted and summed within a 400 km radial area of individual CASTNET and NTN sites using Hawth tools (polygon in polygon analysis). A 400 km radial buffer area was chosen based on previous analysis that indicated the strongest correlations between d 15 N in wet nitrate deposition and stationary sources occurred between 400 and 600 km [Elliott et al., 2007] . To simplify comparisons, monthly emissions data were aggregated into seasonal sums and compared to seasonal average d
15
N and d
18
O values. Relative to anthropogenic emission sources, natural NO x sources in this high-deposition region are expected to be comparatively minor contributors. The potential contributions from these sources are included in our discussion. Correlations were examined using parametric, linear regressions. All data examined were normally distributed. (Figure 2 ), but with a slightly higher amplitude for the NO 3 (p)
N values are 6.2% and 7.6% higher in winter (December-February) than in summer (June-August) for HNO 3(g) and NO 3(p) , respectively. Similarly, mean d
18 O values are 15.4% and 22.3% higher in the winter than in summer for HNO 3(g) and NO 3(p) , respectively (Figure 2 ). Mean NO 3 (p) À filter eluant concentrations were nearly an order of magnitude higher in the winter (26.3 mM) than in the summer (3.0 mM). In contrast, mean HNO 3(g) concentrations in filter eluant were less seasonally variable, with mean winter HNO 3(g) concentrations (19.8 mM) similar to mean summer concentrations (18.4 mM) (Figure 2) .
[24] d values from colocated sites. This difference is higher during the winter (8.0%), spring (6.0%), and fall (6.9%) than in the summer (4.4%).
Passively Collected Dry Deposition
[27] Replicate HNO 3 passive samplers (n = 6), deployed at three sites simultaneously at Connecticut Hill, yielded similar isotopic values ( 
Discussion
[29] Two factors can influence the spatial and temporal distribution of isotopes in wet and dry deposition across this region: (1) retention of seasonal and spatial variations in NO x source signatures by resulting dry deposition, and (2) seasonal and spatial variations in oxidation chemistry, formation processes, and equilibrium reactions across the region. In the following sections, we address these two factors, as well as results from a pilot study to explore the potential efficacy of passive collectors as a medium for isotopic analysis.
NO x Source Contributions to Dry Deposition
[30] [Hastings et al., 2003; Jarvis et al., 2008; Michalski et al., 2003; Morin et al., 2008; Savarino et al., 2007] . In addition to fossil fuel combustion sources, other potential sources of NO x to this region include lightning, biomass burning, and biogenic soil emissions. Constraining the relative magnitude of these inputs to our study region is difficult given spatio-temporal variability in these sources. However, recent work using satellite observations [e.g., Jaegle et al., 2005] and aircraft measurements [e.g., Hudman et al., 2007] suggest that ''bottom-up'' estimates of NO x emissions from natural sources may be significantly underestimated. Nonetheless, given the magni- ELLIOTT ET AL.: ISOTOPIC RATIOS IN ATMOSPHERIC NITRATE tude of fossil fuel NO x emissions in the Ohio, New York, and Pennsylvania region, the influence of these natural emission sources is expected to be comparatively minor. For example, although soil NO x emissions are estimated to be 22% of the global NO x budget, they are most significant from fertilized agricultural soils in the midlatitudes and seasonally dry tropical ecosystems [Jaegle et al., 2005] . Moreover, soil emissions and lightning-generated NO x are expected to be seasonally variable, with the highest contributions during the warmer months when thunderstorms are more frequent and soil microbial activity is more intense.
[31] The strongest and most consistent correlations are observed between d 15 N-HNO 3 and stationary source NO x emissions (0.64 < r 2 < 0.92) ( Figure 5 and Table 3 ). Concentrations of HNO 3 are also correlated with stationary source emissions, suggesting that the spatial distribution of stationary sources is a primary control on HNO 3 formation and associated d (Table 3 ). The strong correlations observed in winter may result from lower mixing heights and longer NO x lifetimes observed in winter. These conditions should aid the efficient transport of stationary source NO x and resulting HNO 3 , to downwind CASTNET sites. In comparison, the weaker summer correlations may result from increased NO x contributions from soils and lightning, dilution of NO x and HNO 3 with a higher mixing height, and HNO 3 formation via decomposition of hydroxy organic nitrates (such decomposition can comprise up to 30% of HNO 3 formation during summer in the U.S. [Liang et al., 1998] ). Given the lifetimes of NO x and HNO 3 , it is likely that the unexplained variance in the correlations reported in Table 3 can be partially attributable to NO x sources beyond the 400 km used in these analyses.
[32] Significant correlations are also observed between d [Elliott et al., 2007] , and now dry deposition.
[34] In comparison to dry deposition, d 15 N in wet nitrate deposition is not as strongly influenced by stationary source NO x emissions in this study ( Figure 5 and Table 3 ). This is in contrast to the strong correlations (0.67 < r 2 < 0.78, p < 0.001) previously reported between stationary source emissions and d 15 N in wet nitrate deposition for 33 sites spanning from Ohio to Maine [Elliott et al., 2007] . One potential explanation for this difference is that the earlier study spanned the entire deposition gradient rather than the sites in these three states with high-deposition loads. As a result, the emission densities included in the present study span a smaller range than those included in the previous study.
[ (Table 3) . Although occasional correlations were observed during the spring and summer (Table 3) , the fact that these correlations are not consistent across seasons suggests that vehicle NO x emissions are not a dominant factor in the isotopic composition of dry deposi- tion, wet deposition, or nitrate concentrations at these study sites.
[36] The lack of consistent correlations may arise from contrasting temporal windows in vehicle emissions estimates and isotope data, from poor estimates of actual vehicle emissions by MOBILE 6 [NARSTO, 2005] , or from uncertainty in the isotopic composition of vehicle NO x emissions. However, these results may also indicate that vehicle NO x emissions are not transported as far as those from stationary sources, and thus have little influence at CASTNET sites that are intentionally established in locations far from urban centers and highways. We note that examining the isotopic composition of vehicular emissions and their fate in the environment is a critical area for future research with important implications for landscape biogeochemistry.
[37] In general, stationary source NO x emissions are highest in the winter months during peak heating demand. As a result, mean NO x emission densities in the winter are nearly double those in the summer (0.16 and 0.09 tons km À2 in the winter and summer, respectively). Although emission densities in summer are nearly half those in winter, air conditioning demand frequently creates a local maxima during summer. Additionally, natural NO x sources, including lightning and biogenic NO x emitted during soil nitrification and denitrification contribute more during summer; these sources are characterized by low d
15 N values relative to fossil fuel sources. For the eight sites included in this study, temporal patterns of d 15 N-HNO 3(g) and NO x emissions are strongly correlated for most sites (Figure 6 ). We observe the strongest correlations between d 15 N-HNO 3(g) and NO x emissions at KEF112 (r 2 = 0.74, p < 0.001) and LYK123 (r 2 = 0.76, p < 0.001). We also observe strong correlations on a site by site basis at other sites, including CTH110 (r 2 = 0.57, p < 0.005), DCP114 (r 2 = 0.64, p < 0.005), OXF122 (r 2 = 0.68, p < 0.005) and PSU106 (r 2 = 0.62, p < 0.005). The strength of these correlations seems to be independent of NO x emission densities, as the highest emission densities occur at the Ohio sites (OXF122, LYK123, DCP114). Correlations at the most remote sites (also located furthest east), CAT175 and HWF187, are not significant, suggesting the influence of other emission sources at these sites, or that additional fractionations during transport are masking the emission source signature. Correlations between d 15 N-NO 3(p) and NO x emissions density are similar to those observed with d 15 N-HNO 3(g) for sites where complete temporal data are available ( Figure 6 ). However, for sites with missing d 15 N-NO 3(p) data, the correlations are not significant (CAT175, HWF187, and KEF112). The strong correlations illustrated in Figure 6 suggest that the temporal variations in d 15 N-HNO 3(g) are directly linked to stationary NO x emissions. For example, OXF 122 follows the expected pattern of highest NO x emissions during December -January, with a secondary peak in July. d À and stationary source NO x emissions within 400 km radial area of study sites. Significant correlations are indicated by a linear regression trend. Correlation coefficients and significance levels are shown in Table 3 .
Atmospheric Oxidation Reactions, Formation Processes, and Isotopic Values
[38] Various atmospheric processes can influence isotopic values of atmospheric N species including: (1) seasonality of oxidation pathways, (2) fractionations, (3) partitioning between wet and dry components, (4) spatial gradients in climate, and (5) spatial gradients in atmospheric chemistry.
[39] Seasonality in the chemical oxidation pathways (reactions (R1)- (R6) [Johnston and Thiemens, 1997; Krankowsky et al., 1995] to nitrate formation [Hastings et al., 2003 ]. This chemical fingerprinting of d
O-NO 3
À by O 3 has since been used to characterize the predominance of multiple chemical pathways [Jarvis et al., 2008; Morin et al., 2008; Savarino et al., 2007] . The seasonality in these channels is a function of both temperature (N 2 O 5 thermally decomposes) and solar radiation (OH is photolytically produced). Hence, as expected, the combined effects of temperature and solar radiation control d (Table 4) . While the effects of temperature and solar radiation also influence d
15 N values in dry and wet deposition (Table 4) , these correlations are less significant than those for d
18 O and are also less significant than with stationary source emissions. These findings contrast with those from the Arctic, where temperature was determined to be a major driver of d
N-NO 3
À values in all seasons except spring when snowpack emissions are maximal [Morin et al., 2008] .
[40] The seasonality of oxidation pathways in reactions (R1) -(R6) can also fractionate 15 N and 18 O in wet and dry deposition. For example, the winter dominance of the N 2 O 5 channel (reactions (R4) -(R6)) can result in equilibrium fractionations causing higher d
15 N values in more oxidized species [Freyer et al., 1993] . Additionally, in highly polluted atmospheres where NO x concentrations exceed O 3 concentrations, equilibrium reactions between NO and NO 2 can cause a large equilibrium isotope effect (a = 1.028) [Freyer et al., 1993] . This equilibrium fractionation can cause higher winter d [Hastings et al., 2003 [Hastings et al., , 2004 Jarvis et al., 2008] . Since NO and NO 2 concentrations are not monitored at CASTNET sites, this equilibrium fractionation remains a potential influence on the seasonality we observe. For example, in higher-emission areas of Ohio and western Pennsylvania, equilibrium reac- [Freyer, 1991] and contributions of 17 O to the m/z 45 signal of N 2 O. Shaded boxes represent reported ranges in the literature for major NO x sources including power plant NO x emissions [Heaton, 1987; Kiga et al., 2000] and natural sources including NO x generated from electrical discharges (i.e., lightning) [Hoering, 1957] and biogenic NO emissions from fertilized soils [Li and Wang, 2008] . tions between NO-NO 2 may be partially responsible for the ''source'' signature we observe in d 15 N of dry and wet nitrate deposition.
[41] The oxidation of NO 2 to HNO 3(g) in reaction (R3) can result in a fractionation of 0.9971 [Freyer, 1991] 
The resulting d 15 N-NO 2 values range from À0.5 to +15% and are shown in Figure 7 for individual CASTNET sites. These estimated d 15 N-NO 2 values fall more closely within the range of reported values for NO x sources that are expected to influence these sites, mainly NO x derived from electricity generation and natural NO x sources (lightning and biogenic soil emissions) (Figure 7 ). It is assumed that vehicle NO x contributions to these sites are not significant given the location of CASTNET sites away from urban areas and major vehicular sources, and the lack of correlations we observe between d 15 N and vehicle NO x emissions. As suggested by Figure 7 , these CASTNET sites receive a mixture of NO x from both power plant and natural NO x sources that is highly seasonal. However, until more precise characterization of 15 N source values and isotope fractionations during subsequent oxidation reactions is completed, a more precise partitioning of source contributions is not possible.
[42] The partitioning between NO 3 (p) À and HNO 3 is dependent on temperature, relative humidity, and NH 3 concentrations. Solid phase NH 4 NO 3 is formed when relative humidity is lower than the deliquescence relative humidity, whereas HNO 3 and NH 3 dissolve into the aqueous phase when the relative humidity exceeds the deliquescence relative humidity [Ansari and Pandis, 2000; Morino et al., 2006] (reactions (R7) and (R8)).
It is expected that the dynamic equilibrium in reaction (R7) will affect the isotopic composition of HNO 3(g) and NO 3 (p) À . The partitioning between gas and solid phase should shunt the isotopically lighter fraction into the gas phase. O values between actively and passively collected samples is larger (6.4%); the causes for this offset warrant further investigation ideally with comparisons over longer time periods and at multiple sites.
[48] These results suggest that passive collectors offer a novel, cost-effective medium for collection of dry nitrogen deposition for isotopic analysis, particularly for d 15 N. While this study used HNO 3 samplers developed by the U.S. Forest Service [Bytnerowicz et al., 2005] , samplers have been developed based on low-cost, commercially available parts [Golden et al., 2008] . Passive collectors provide a new opportunity to measure the spatial distribution of dry nitrogen deposition, with unprecedented ease and minimal costs. Although passive samplers can be problematic for estimating dry deposition rates due to the difficulties in measuring or estimating deposition velocities, they represent a significant advance in assessing concentration patterns, and now isotopic composition, at higher spatial resolutions than currently allowed by the sparse distribution of CASTNET sites. Given that HNO 3 deposition is a major component of dry nitrogen deposition, these samplers offer a new method for exploring the role of HNO 3 deposition to diverse landscapes, and ultimately the impact of dry deposition on ecosystems and water quality.
Conclusions and Implications
[49] In the largest-scale study of dry deposition isotopes conducted in the U.S.A. to date, we demonstrate that dry nitrogen deposition, including particulate nitrate and nitric acid, is significantly influenced by emissions from industrial stationary sources, such as electricity generating facilities. These results suggest that the isotopic composition of dry deposition can be used as an additional tool to help understand the NO x sources that contribute to aerosol and gaseous N formation and ultimately deposition on the landscape. These results complement those recently published suggesting that the isotopic composition of wet nitrate deposition is a better predictor of the influence of stationary sources on precipitation chemistry than commonly used metrics for acidic deposition, including pH, sulfate and nitrate concentrations [Elliott et al., 2007] .
[50] Of particular interest, we determined that the isotopic composition of dry nitrogen deposition is not correlated with regional vehicle emissions surrounding individual CASTNET sites. These results suggest the possibility that mobile and stationary source NO x emissions are subject to different fates in the environment, with potentially important implications for public and ecosystem health, as well as water quality. Future research should examine the fate of vehicle emissions in near road environments, and stable isotope tracers may be one effective means of doing this.
[51] Last, we demonstrate in a small-scale pilot study, that the passive collection of HNO 3 yields reproducible results with comparable d 15 N values as those collected using active sampling techniques. These results, although preliminary, indicate that passive sampling techniques can effectively be used as a medium for isotopic analysis. Although HNO 3 is the largest component of dry inorganic nitrogen deposition currently measured at CASTNET sites, future research should investigate the use of passive samplers for NO 2 and NH 3 collections, which are currently not measured at CASTNET sites. These techniques potentially open the door to many interesting questions regarding the spatial distribution of dry deposition to landscapes, and how the sources of these inputs vary spatially.
